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Role of TGF-f1 expressed in bone marrow-derived
mesenchymal stem cells in promoting bone
formation in a rabbit femoral defect model
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Abstract. Bone defects represent a major clinical and socio-
economic problem without suitable treatment options. Previous
studies have shown that transforming growth factor 1
(TGF-f1) is important in the development of various diseases.
The present study aimed to investigate the therapeutic poten-
tial of rabbit bone marrow-derived mesenchymal stem cells
(BMSCs) expressing TGF-P1 in the treatment of rabbit femoral
defects. First, rabbit BMSCs were identified and cultured.
TGF-B1 was then stably overexpressed in the rabbit BMSCs
by lentivirus transfection, which was expressed at a high level
in the femoral defects treated with TGF-f1-overexpressing
BMSCs, compared with PBS-treated controls. In addition,
the TGF-pl-overexpressing BMSCs promoted new bone
formation in the rabbit femoral defect model, and increased
the expression of bone-related markers at week 2 and week 6.
Therefore, the study demonstrated that BMSCs overexpressing
TGF-p1 may provide a novel therapeutic option for femoral
defects.
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Introduction

Bone defects are caused by several clinical conditions, including
cancer, trauma, congenital malformation, and infection (1). The
costs of medical treatment, together with the loss of income of
those with these musculoskeletal diseases, in the United States
of America are estimated to be $849,000,000,000, which is
~7.7% of the gross domestic product from 2002 to 2004 (1). In
addition, suitable treatment options that promote bone healing
are still lacking (2). Although autograft is the gold standard for
the treatment of bone defects at present, this approach has two
major drawbacks, namely the limited number of donor sites
and the occurrence of donor site morbidity (3). Furthermore,
bone regenerative ability can also be limited with increase in
age (4) and by certain conditions, including arthritis and osteo-
porosis (5,6). Therefore, those patients who require bone grafts
the most may not have the autologous stem cells required for
autografting. Therefore, transplantation of allogeneic stem
cells is an attractive option for engineering bone tissue.

Previous studies have shown that tissues can be regener-
ated through tissue engineering approaches (7), and osteogenic
differentiation and bone regeneration can be achieved with
stem cells (8). Bone marrow-derived mesenchymal stem cells
(BMSCs) were first separated in the 1970s, and are the source
of several mesenchymal tissues, including fat, bone, and carti-
lage (9,10). BMSCs are a type of multipotent mesenchymal
stem cell found in bone marrow. They have a high capacity for
self-renewal and the potential to differentiate into various cell
types, and have long been considered a valuable source of cells
for bone tissue engineering (11-14). Therefore, BMSCs have
been identified as an important source of osteogenic cells for
bone tissue engineering.

Transforming growth factor pl1 (TGF-f1) belongs to
the TGF-f superfamily of proteins, which regulate cell
growth and differentiation. The TGF-f family includes
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activins, inhibins, Miillerian inhibitory substance, and bone
morphogenetic proteins. Early studies showed that TGF-f is
important in inflammation, tissue repair, and embryonic devel-
opment (15,16). Subsequent studies have shown that TGF-f is
also crucial in cell growth, differentiation and immune func-
tion (17,18). TGF-f31 as a signal molecule is important in bone
regeneration, and the importance of TGF-f1 in the migration,
growth and differentiation of BMSCs has been established (19).
However, the effects of TGF-fB1 in combination with BMSCs
on bone repair remain to be fully elucidated.

The present study showed that bone formation was highest
in femoral defects treated with TGF-B1-overexpressing BMSCs
of all the experimental groups, and that the combination of
BMSCs and TGF-B1 may be a potential novel therapeutic
option for femoral defects.

Materials and methods

Experimental animals and generation of the femoral defect
model. A total of 42 New Zealand white rabbits (male),
weighing 2.0-2.5 kg each, aged 2-3 months, were purchased
from the Experimental Animal Center at Guangzhou
University of Chinese Medicine (Guangzhou, China). All
animal experiments were performed in accordance with
the policies and principles in the Guide for Care and Use of
Laboratory Animals (20). In addition, rabbits were housed as
previously described (20). A rabbit femoral bone defect model
was generated using a custom-made distraction support, as
previously reported (21). Briefly, the rabbit was anesthetized
with sodium pentobarbital (25 mg/kg) and xylazine (8 mg/kg).
A 2-mm Kirschner wire was used to penetrate the double
bone cortex (~20 mm), and was fixed with a tension bracket
200 mm from the skin. The rectus femoris from the vastus
lateralis muscle was then bluntly separated, and the medial
rectus muscle was opened, and a 14-mm defect in length was
generated in the femur.

Femoral samples were collected from the rabbits, which
were randomly divided into three experimental groups of
14 rabbits each: Control group (phosphate-buffered saline,
PBS), BMSC group, and BMSC+TGF-31 group. An osteotomy
was generated (1.4 cm in length), and the speed and quality
of new bone formation was then observed and assessed. The
established rabbit femoral defect models were then treated
with PBS, BMSCs, or TGF-B1-overexpressing BMSCs for
2 or 6 weeks. The study was approved by the Animal Care
and Use Committee of Guangzhou University of Chinese
Medicine.

Isolation, culture and verification of rabbit BMSCs. The
BMSCs were obtained from the rabbit tibiae and femora.
Density gradient centrifugation (800 x g, 5 min, 22°C) and
adherent screening were used to isolate BMSCs, as previous
described (10). The tibiae and femora were flushed with Low
glucose-Dulbecco's modified Eagle's medium (L-DMEM)
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA), and the BMSCs were cultured in L-DMEM supple-
mented with 10% fetal bovine serum (Invitrogen; Thermo
Fisher Scientific, Inc.) and 1% penicillin-streptomycin, and
incubated with 5% CO, at 37°C. BMSCs from the third passage
were used for all experiments in the present study.
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Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. Total RNA was isolated from rabbit
BMSCs using TRIzol reagent (cat. no. 15596026, Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) according
to the manufacturer's protocol. The TGF-p1 RT reaction was
performed with the TagMan RNA Reverse Transcription
kit (cat. no. 4366596; Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
cDNA was reverse-transcribed from 2 ug total RNA using a
Reverse Transcription kit (Takara, Biochemical, Tokyo, Japan).
cDNA was then amplified using SYBR GREEN PCR Master
mix (cat. no. 638320, Takara Biotechnology Co., Ltd., Dalian,
China) according to the manufacturer's protocols and analyzed
with an ABI7500 Real-time PCR system (Applied Biosystem:s;
Thermo Fisher Scientific, Inc.). Following the reaction, the Cq
value was obtained, and the results were analyzed using the
2244 method (22). The expression of TGF-f1 was normalized
to the expression of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). All data are presented as the mean + standard
deviation of three independent experiments. The qPCR
cycling conditions were as follows: Pre-denaturing at 95°C
for 10 min, followed by 40 cycles of denaturing at 95°C for
10 sec, annealing at 58°C for 20 sec, and extension at 72°C
for 10 sec. The specific PCR primers used were as follows:
GAPDH, forward 5'-ATGTCGTGGAGTCTACTGGC-3;
and reverse 5"TGACCTTGCCCACAGCCTTG-3"; TGF-f1,
forward 5'-CAGCAACAATTCCTGGCGATA-3' and reverse
5-AAGGCGAAAGCCCTCAATTT-3.

Western blot analysis. Proteins were extracted from the
rabbit BMSCs with radio-immunoprecipitation assay buffer
(cat. no. R0278; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) containing Protease Inhibitor Cocktail (Thermo
Fisher Scientific, Inc.). The total protein concentration
was determined using the protein assay kit (Qcbio Science
Technologies Co.,Ltd., Shanghai, China). Total proteins (30 ;g)
were separated by electrophoresis with 10% SDS-PAGE and
transferred onto a polyvinylidene fluoride (EMD Millipore)
membrane. The membrane was blocked with 5% skim milk
and incubated with the respective primary antibodies at 4°C
overnight. The membrane was washed and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:5,000; cat. no. 115-035-003; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) the following day
at room temperature for 2 h, and the blots were analyzed by
enhanced chemiluminescence (ECL) using the ECL substrate
kit (Amersham; GE Healthcare Life Sciences, Chalfont, UK).
The primary antibodies used were as follows: Anti-TGF-p1
(1:1,000; cat. no. ab66043; Abcam, Cambridge, UK) and
anti-GAPDH (cat. no. FL-335, an internal loading control,
1:2,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA).

Enzyme-linked immunosorbent assay (ELISA). The culture
supernatant was harvested from rabbit BMSCs transfected
with the TGF-B1 construct or from non-transfected BMSCs,
which served as the negative control (NC). The activity of alka-
line phosphatase (ALP) in the culture medium was detected
using the ELISA kit (R&D Systems, Inc., Minneapolis, MN,
USA) according to the manufacturer's protocol. A 96-well
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Figure 1. Identification of rabbit BMSCs. Rabbit BMSCs were cultured and amplified in vitro, and images of the morphology of the (A) first passage and
(B) third passage of rabbit BMSCs were captured under a light microscope. (C) Surface markers of BMSCs were determined by flow cytometry. Scale

bar=100 ym. BMSCs, bone marrow-derived mesenchymal stem cells.

plate was coated with a monoclonal anti-ALP antibody
(1:1,000 dilution; SAB2500128; Sigma-Aldrich; Merck
KGaA) for 1 h at room temperature, which was then detected
with a HRP-conjugated secondary antibody (1:30,000 dilu-
tion; A0545; Sigma-Aldrich; Merck KGaA) for 1 h at room
temperature. The absorbance at 450 nm was determined using
a microtiter plate reader (Multiskan Go microplate reader,
Thermo Fisher Scientific, Inc.).

Masson's staining. Masson's staining was performed to
observe the histopathology of the rabbit femoral defects.
The treated rabbit femoral defects were washed twice with
Dulbecco's-PBS, fixed with cold methanol for 10 min at 4°C,
washed twice with sterile water, and then stained with the
Masson stain kit (Diagnostic BioSystems, Pleasanton, CA,
USA). The stained samples were observed and images were
captured under a light microscope.

Alizarin red staining. The cells were stained with Alizarin Red
S to detect calcium deposition (23). The BMSCs were washed
three times with PBS and then fixed with 70% ethanol for 1 h
at 4°C. Following fixation, the cells were washed with water
and stained with 0.2% Alizarin red (Sigma-Aldrich; Merck
KGaA) in 2% ethanol for 15 min, and then washed three times
with water, and dried at 37°C.

Transmission electron microscopy (TEM). The samples were
prepared and analyzed as previously described (24). Briefly,
the samples were fixed and sectioned to 60 nm using an
MTXL RMC ultramicrotome (Boeckeler Instruments Inc.,
Tucson, AZ, USA), and stained with 1% toluidine blue. The
sections were observed using a Morgagni 268 TEM (FEI
Company, Eindhoven, The Netherlands) at 80 kV. Images were
captured using MegaView III CCD using iTEM-SIS software
(Olympus, Soft Imaging System GmbH, Miinster, Germany).

X-ray microtomography. The rabbit femoral defect
model was established and treated with PBS, BMSCs, or
TGF-p1-overexpressing BMSCs for 2 and 6 weeks. The
rabbits were anesthetized with xylazine (5 mg/kg) and
ketamine (25 mg/kg). An X-ray source was then used
to irradiate the right forelimb of the rabbits. X-ray irra-
diation (MI-201, Shimadzu Corporation, Kyoto, Japan) was
used to detect the right ulna, radius, and surrounding soft
tissues.

Statistical analysis. All data are presented as the
mean * standard deviation. The statistical analysis was
performed using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA),
and statistical significance was assessed using Student's t-test
or one-way analysis of variance (ANOVA) test followed by a
Student-Newman-Keuls post hoc test. P<0.05 was considered
to indicate a statistically significant difference.

Results

Characterization of rabbit BMSCs. The rabbit BMSCs were
cultured, and the first and third passages were observed.
As shown in Fig. 1A and B, the cultured BMSCs exhibited
a round shape at passage 1 (Fig. 1A) and spindle-shaped
morphology at passage 3 (Fig. 1B). Flow cytometry was
performed to characterize BMSC surface markers; 88.3% of
the BMSCs were CD29-positive and 87.6% of the BMSCs
were CD44-positive, whereas <6.75% of the BMSCs were
CD34-positive (Fig. 1C).

TGF-p1 is stably overexpressed in rabbit BUSCs and improves
osteogenesis. To evaluate whether TGF-31 was overexpressed
in the BMSCs, RT-qPCR analysis was performed and the
results indicated that the mRNA expression of TGF-p1 was
high in the BMSCs transfected with TGF-f1, compared with
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Figure 2. Overexpression of TGF-f1 in rabbit BMSCs. (A) mRNA levels of TGF-f1 in rabbit BMSCs were quantified using reverse transcription-quantitative
polymerase chain reaction. (B) Protein expression of TGF-f1 in BMSCs measured using western blot analysis. (C) Activity of ALP in the culture medium of
TGF-Bl-overexpressing BMSCs measured using ELISA. (D) Alizarin red staining of BMSCs at week 1 and week 2 post-culture. “P<0.01, ““P<0.001 vs. NC.
Scale bar=200 ym. BMSCs, bone marrow-derived mesenchymal stem cells; TGF-f1, transforming growth factor-f1; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; ALP, alkaline phosphatase; NC, negative control.
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Figure 3. New bone ultrastructure under electron microscope. New bone ultrastructure of the femoral defects treated with PBS, BMSCs, or TGF-f1-overexpressing
BMSCs (BMSC+TGF-B1) for 2 and 6 weeks. Scale bar=10 ym. BMSCs, bone marrow-derived mesenchymal stem cells; PBS, phosphate-buffered saline;

TGF-f1, transforming growth factor-p1.

that in the NC BMSCs (Fig. 2A). This was consistent with
the results of western blot analysis (Fig. 2B). In addition, the
ELISA results showed that the activity of ALP was higher in
the BMSCs transfected with TGF-f1 than in the NC BMSCs
(Fig. 2C). Furthermore, TGF-f1 improved the osteogenesis of
the BMSC:s (Fig. 2D).

Expression of TGF-f31 is high in newly formed bone of femoral
defects treated with TGF-f1-overexpressing BMSCs. New
bone ultrastructure of the rabbit femoral defect models was
determined using electron microscopy. The femoral defects
treated with TGF-Bl-overexpressing BMSCs exhibited
improved bone formation (Fig. 3), whereas in the control
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Figure 4. Histopathology of femoral defects treated with TGF-f1-overexpressing BMSCs. Trichrome staining of femoral defects treated with PBS, BMSCs,
or TGF-Bl-overexpressing BMSCs for 2 and 6 weeks. Scale bar=50 ym. BMSCs, bone marrow-derived mesenchymal stem cells; PBS, phosphate-buffered

saline; TGF-f1, transforming growth factor-p1.

groups, there were numerous collagen fiber bundles arranged
in a single direction and fewer new osteoids.

Treatment with TGF-f1-overexpressing BMSCs promotes
new bone formation in femoral defects. As shown in Table I,
it was found that the maximum torque, failure angle, failure
energy, and torsional rigidity were significantly increased in
the femoral defects treated with the TGF-p1-overexpressing
BMSCs, compared with those in the PBS- and BMSC-treated
control groups. In the BMSC- and TGF-f1-overexpressing
BMSC-treated groups, the bone surface was smooth, the
trabecular bone was relatively dense, and calcification was
more complete and closer to that in the normal bone surface
(Fig. 4). X-ray analysis further demonstrated that the align-
ment of the majority of femurs was well-maintained 2 weeks
following surgery, and the implants were in a stable position in
the TGF-p1-overexpressing BMSC group. However, a number
of implants in the control group had partially collapsed. In all
three groups, a cartilaginous callus had formed and surrounded
the majority of the implant, although gaps were visible. At
6 weeks post-surgery, the cartilaginous callus began to take
shape and was remodeled into a thin cortical lamellar bone, with
the presence of gaps disappearing in all three groups. However,
the remodeled cortical lamellar bone was closer to the natural
bone in the femoral defects treated with TGF-f31-expressing
BMSCs than in that in the control group (Fig. 5).

TGF-pBl-overexpressing BMSC treatment increases
bone-related markers in the rabbit femoral defect model. To
determine whether TGF-p1-overexpressing BMSCs increase
bone formation, bone-related markers, including SATB

2 weeks & weeks

BMSC+
BMSC  TGF-p1

BMSC+

PBS BMSC TGF-1  PBS

Figure 5. X-ray imaging of external fixator and callus. X-ray imaging of
femoral defects treated with PBS, BMSCs, or TGF-f1-overexpressing
BMSCs at week 2 and week 6. BMSCs, bone marrow-derived mesenchymal
stem cells; PBS, phosphate-buffered saline; TGF-f1, transforming growth
factor-f1.

homeobox 2 (Satb2), Runt-related transcription factor 2 (Runx2)
and osteocalcin (OCN), were quantified using RT-qPCR and
western blot analyses. As shown in Fig. 6A and B, compared
with the PBS-treated control group, significant increases were
detected in these three markers following treatment with
TGF-p1-overexpressing BMSCs at weeks 2 and 6.

Discussion
Distraction osteogenesis is an effective novel method for

treating bone defects. However, clinical problems associated
with this method, including the long treatment cycle, remain.



902

Table I. Biomechanical indices of rabbit femoral defects.
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Maximum Failure Failure energy Torsional rigidity
Group torque (Nm) angle (radian) (Nm x angle) (Nm/angle)
A 0.205+0.035 3.136+0.112 3.215+0.165 0.021+0.005
B 0.403+0.059* 5.232+0.106* 4.136+0.325° 0.027+0.003
C 0.457+0.048° 5.243+0.162° 4.225+0.568" 0.045+0.006°
D 0.402+0.065 5.163+0.157 4.207+0.149 0.033+0.002
E 0.654+0.074¢ 5.373+0.168 6.355+0.186° 0.052+0.004¢
F 0.698+0.046¢ 7.454+0.194¢ 7.526+0.512° 0.068+0.005¢

Rabbit femoral defect models were established and treated for 2 weeks with (A) PBS, (B) BMSCs or (C) transforming growth factor-p 1-expressing
BMSCs, and for 6 weeks with (D) PBS, (E) BMSCs or (F) transforming growth factor-p1-expressing BMSCs. “P<0.05 and *P0.01, vs. group A;
°P<0.05, “P<0.01 and °P<0.00, vs. group D. BMSCs, bone marrow-derived mesenchymal stem cells; PBS, phosphate-buffered saline.
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Figure 6. Expression of bone-related markers in TGF-f1-overexpressing BMSCs treated femoral defects. (A) mRNA levels of Sazb2, Runx2, and OCN in
femoral defects treated with PBS, BMSCs, or TGF-f1-overexpressing BMSCs at week 2 and week 6, quantified by reverse transcription-quantitative poly-
merase chain reaction analysis (‘P<0.05; “P<0.01). (B) Protein expression of Satb2, Runx2, and OCN in femoral defects treated with PBS, BMSCs, or

TGF-B1-overexpressing BMSCs at week 2 and week 6, measured by western blot analysis ("P<0.05; “P<0.01;

P<0.001). BMSCs, bone marrow-derived

mesenchymal stem cells; PBS, phosphate-buffered saline; TGF-f1, transforming growth factor-f1; Satb2, SATB homeobox 2; Runx2, Runt-related transcrip-
tion factor 2; OCN, osteocalcin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Therefore, a large number of studies have been performed to
accelerate the ossification and shorten the treatment process
using various methods. Studies have shown that combining
growth factors with distraction osteogenesis can effectively
shorten the duration of treatment (25,26). However, the
delivery of growth factors into the defective region remains
challenging. In addition, the cost of growth factor treatment
is prohibitive for the majority of patients. Therefore, the

development of novel strategies that are effective and conve-
nient is critical.

Mesenchymal stem cells (MSCs) are the progenitor cells
of connective tissues, including adipose tissue, cartilage and
bone (27). BMSCs are a type of pluripotent MSC. Under
specific induction conditions, BMSCs can differentiate into
various cell types, including bone cells. Therefore, BMSCs
offer potential for treating musculoskeletal injuries and
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disorders. In addition, BMSCs can be readily separated and
cultured, with high proliferation capacity and weak immuno-
genicity, making them ideal for tissue engineering (28).

TGF-p1 is one of the most important cytokines in the bone
matrix (29). Previous studies have shown that it is involved
in a variety of biological processes, including development,
apoptosis, proliferation, inflammation, bone formation,
differentiation and tumor growth. TGF-p1 can be activated
by dissociation from latency-associated peptide, when tissue
is injured or remolded (30,31). TGF-f then rapidly recruits
perivascular MSCs to the bone surface for osteoblast differ-
entiation and new bone formation (32). Therefore, TGF-f has
significant effects on bone homeostasis during remodeling by
recruiting MSCs.

In the present study, TGF-B1 was stably overexpressed in
rabbit BMSCs to evaluate the effects of TGF-f1 in combina-
tion with BMSCs on new bone formation in a rabbit femoral
defect model. The results showed that TGF-f31 was expressed
at a high level in the new bone of the femoral defects treated
with TGF-B1-overexpressing BMSCs, and that the combi-
nation of BMSCs and TGF-f1 significantly promoted the
formation of new bone. In the femoral defects treated with
TGF-p1-overexpressing BMSCs, the bone surface was smooth,
the trabecular bone was relatively dense, and the calcification
was more complete and closer to that of the normal bone
surface. In addition, in this TGF-f1-overexpressing BMSC
group, the remodeled cortical lamellar bone was closer to
natural bone than that of the control group, and the carti-
laginous callus began to take shape and was remodeled into
thin cortical lamellar bone. Therefore, the results suggested
that TGF-P1, in combination with BMSCs, promoted new
bone formation in the rabbit femoral defect model. Previous
studies have shown that TGF-f is important in the repair of
BMSC-mediated subchondral osteoarthritis (33), as the bone
matrix releases and activates TGF-3, and the active TGF-3
recruits MSCs to the bone resorption pit (34). Therefore,
TGF-f signaling is crucial in the formation of new bone by
BMSCs.
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